S
ulfolobus solfataricus is an extremely thermophilic and acidophilic organism that thrives in hot acidic habitats, growing optimally between pH values of 3 and 4 at 70 to 90°C (7, 12) . S. solfataricus belongs to the archaeal domain and the phylum Crenarchaeota (36) . It is an obligate aerobe and chemoheterotroph that grows on a variety of reduced carbon sources, including simple sugars and more complex carbohydrates, such as starch (12, 17) and cellulose (38) . Even though its native habitat excludes plants, nearby vegetation may be introduced by natural events. Resident conditions are likely to promote chemical transformation of this lignocellulosic material, providing carbon for growth.
Glycosyl hydrolase enzymes are classified into 128 families (GHF) and 14 clans. Those derived from extremophiles have gained considerable attention because of their inherent thermostability and resistance to extremes of pH (5, 6, 10, 15, 19-23, 27, 31, 32) . Three homologous open reading frames (ORFs) have been identified in the genome of S. solfataricus strain P2 (DSM1617) as putative extracellular cellulases (35) . These genes encode endoglucanases belonging to GHF 12 and lack a cellulose binding domain (CBD). However, an N-terminal signal peptide ranging from 21 to 24 amino acids is present that could guide membrane targeting and/or secretion. The Sso2534 gene product, identified in the growth medium of S. solfataricus strain MT4, exhibited optimal endoglucanase activity on carboxymethyl cellulose (CMC) at pH 5.8 and 65°C (23) . A recombinant form of Sso1949, cloned from S. solfataricus strain P2 (DSM1617) and expressed in Escherichia coli, had optimum activity at pH 1.8 and 80°C. The enzyme utilized cellotetraose as the smallest substrate and generated cellobiose and cellotriose as the primary products, indicating it was an endoglucanase (19) . Both endoglucanase and xylanase activities were identified for the native form of Sso1354 (9, 27) . The enzyme was purified from S. solfataricus strain O␣ and hydrolyzed CMC, producing cellobiose and cellooligomers under optimal conditions of pH 3.5 and 90°C (27) .
The presence of these endoglucanases implies the existence of oligosaccharide transporters that would enable substrate uptake and subsequent catabolism. Binding-protein-dependent ABC transporters are a common transport system in S. solfataricus (2) . Sugar transporters in these organisms are assigned to two categories, oligodipeptide transporters and carbohydrate uptake transporters (2, 3) . The oligodipeptide transporters possess a signal sequence followed by a catalytic domain, a serine/threonine linker, and a hydrophobic domain, while sugar transporters contain a type III signal sequence followed by a hydrophobic domain, a serine/threonine linker, and a catalytic domain (2, 35) . While these glucose transporter genes were expressed constitutively, those involved in arabinose uptake were inducible (24) . Sso3053 (annotated as MalE) was previously reported as a maltose binding protein due to the transcription of the gene in the presence of maltose, while Sso2669 (CbtA) bound cellobiose (13) . Interestingly, a recently described oligodipeptide transporter (16) also provides a receptor for virus-host interaction (14) . To obtain an understanding of the potential overlap between sugar transporters and oligosaccharide hydrolysis, in this study, a genetics-based approach was used to examine their impacts on cellodextrin utilization.
MATERIALS AND METHODS
Archaeal strains and construction. The strains used in this study are listed in Table 1 . The strains were grown in modified Allen's medium in batch culture at 80°C and pH 3.0 with aeration, as described previously (4, 7) . Fivemilliliter cultures were cultivated in glass screw-cap test tubes placed in rotary tube-drum agitators mounted in forced-air incubators with external DC motors. A mixture of soluble cellodextrins prepared by dilute acid hydrolysis of Sigmacell (Sigma) was added to modified Allen's medium at a concentration of 1:4 (vol/vol). Other sugars were added as indicated at 0.2% (wt/vol). For a complex medium, tryptone was added at 0.2% (wt/vol). Growth was monitored by absorption at 540 nm. The differences between biological replicates are shown in the figures as error bars. Spent culture medium was obtained by successive passages of specific cell lines with cell removal by sterile filtration. A solid medium was prepared as described previously (17) .
S. solfataricus strain 98/2 (PBL2000 [30] ) was from laboratory stocks, while S. solfataricus strain P2 (DSM 1617) was obtained from DSMZ. S. solfataricus strain PBL2025, derived from PBL2000 (33), incurred a 58-kbp spontaneous deletion in the chromosome, encompassing ORFs Sso3004 to Sso3050 as annotated in the genome (35) . The deletion included Sso3019, which encodes the sole cytoplasmic ␤-glycosidase (lacS). The deletion of lacS allowed the gene to be used as a functional marker for targeted disruption of other genes (37) . Sso1949 was disrupted in PBL2025 by insertion of lacS to create strain PBL2074. Simultaneous inactivation of Sso1949 and Sso2534 used strain PBL2091, a Lac Ϫ Pyr Ϫ double mutant, by disruption of Sso1949 by lacS insertion and disruption of Sso2534 by pyrEF insertion, resulting in strain PBL2092. To assess the role of Sso1354, strain PBL2099 was constructed by transformation of strain PBL2091 with plasmid pBN1226. pBN1226 encodes an expression copy of Sso1354 using its native promoter fused to a C-terminal polyhistidine tag and cloned in plasmid pKlacS at the SphI site (genome coordinates 1192003 to 1193148). pKlacS is a derivative of pJ (pBN1078) with addition of lacS, including 150 nucleotides of flanking DNA encoding its native promoter and terminator (26) . In addition, pKlacS has a replacement of the S. solfataricus pyrEF genes and promoter with those of Sulfolobus acidocaldarius derived from chromosomal positions 1361371 to 1362890 at XmaI and KpnI sites. PBL2091 is a derivative of PBL2025 in which chromosomal positions 535869 to 537242, DNA spanning the pyrEF genes, were deleted by markerless exchange (34) . Sso3053 was inactivated by deletion using consecutive single crossovers, creating strain PBL2105. Sequences spanning coordinates 2805424 to 2805923 cloned in pUC57 at SacI/BamHI sites and 2815262 to 2815761 at PstI/SphI sites, respectively, were derived from either end of the region spanning ORFs Sso3052 to Sso3060. lacS was inserted at a SalI site in pUC57. Integration of this circular nonreplicating construct into strain PBL2025 using a lacS-based selection (37) followed by successive single crossovers deleted Sso3052 through Sso3060. The spontaneous deletion in strain PBL2028 was mapped as described previously (33) by PCR and DNA sequencing throughout the tested region. Complementation of the Sso3053 disruption mutation in strain PBL2028 used plasmid pBN1239. pBN1239 is a pKlacS derivative encoding Sso3053 with its native promoter amplified from coordinates 2806121 to 2808446 and inserted at an SphI site. PBL2106, a strain lacking Sso2847 and its flanking genes, was produced by deletion of the region including ORFs Sso2833 through Sso2850 and spanning coordinates 2595288 to 2611082. This mutation employed linear DNA recombination, as described previously (25) , using a linear PCR amplicon generated from a pUC57 template including 500 bp from Sso2833 inserted at the SacI/BamHI site and a 500-bp region from Sso2850 inserted at a the PstI/SphI site, with the selective marker lacS inserted between these regions at the SalI site.
Genomic analysis of S. solfataricus strains. NCBI BLASTp was used to analyze the duplicated region centered around Sso1354 in S. solfataricus strain P2 (DSM1617). The corresponding but deleted region in strain 98/2 (PBL2000) (30) was identified by PCR analysis with primers flanking the deletion region, followed by sequencing and NCBI BLASTn analysis.
Mixed-acid hydrolysis of cellulose. Generation of mixed soluble cellodextrins from hydrolysis of microcrystalline cellulose was as described previously (39) with modifications. Sigmacell in 2-g amounts was gradually added to 16 ml of ice-cold concentrated hydrochloric acid while stirring. Then, 4 ml of ice-cold concentrated sulfuric acid was gradually added, and the flask was capped with a rubber stopper and stirred gently for 4 h at room temperature. The hydrolysate was then poured into 180 ml of Ϫ20°C acetone, chilled at Ϫ20°C for 2 h, and then filtered through a Millipore AP40 glass fiber filter. The filter cake of cellodextrins was washed four times with 20 ml Ϫ20°C acetone. The filter cake was resuspended with 60 ml of deionized water and stirred overnight in an open container to evaporate residual acetone. The next day, the pH for the hydrolysate was adjusted to 3.0 using potassium hydroxide, and the mixture was centrifuged at 7,000 ϫ g for 10 min to pellet the insoluble material. The supernatant was collected and stored at 4°C.
TLC of cellodextrins. Thin-layer chromatography (TLC) was performed with ventilation on K6 (4860-820; Whatman) 20-by 20-cm glass plates coated with 60 Å silica to a thickness of 250 m. The TLC plates were heated to 80°C for 30 min for silica activation and prior to sample application. One microliter of the sample was loaded 1.5 cm away from the bottom of the plate. The 150-ml mobile phase consisted of a mixture of 2:1:1 (vol/vol/vol) ethyl acetate-acetic acid-water. The samples were resolved three times for 3 h each time, combined with air drying for 15 min. After drying, color was developed by spraying a solution of 1.5% (wt/vol) thymol in 95:5 (vol/vol) ethanol-sulfuric acid over the plate and heating over a hotplate at 120°C until color development was complete.
HPLC analysis of cellodextrins. Spent culture supernatant samples were diluted 1:8 (vol/vol) with high-performance liquid chromatography (HPLC) grade water and filtered through Phenomenex RC membrane 0.45-m filters. The diluted samples were neutralized where necessary prior to liquid chromatography (LC) injection. Five-microliter volumes were characterized in triplicate using an Agilent 1200 Series Rapid Resolution LC system (Agilent Technologies, Santa Clara, CA) with two Phenomenex Rezex RSO-Oligosaccharide Ag ϩ columns connected in series. A compatible guard column charged with silver ions was employed. The columns were heated to 40°C using an external column heater, and solvent was applied at a binary pump flow rate of 0.25 ml/minute. Water was used as the mobile phase, and an Agilent 1200 series Refractive Index Detector (RID) was used to detect the eluting sugars. The RID was set to positive mode and the optical unit temperature to 40°C. Data acquisition and integration were carried out using Agilent Chemstation software to quantify the various cellodextrins in each sample.
RESULTS
Strain-specific genome variation and endoglucanase content. It has been noted previously that the genome of S. solfataricus strain P2 (DSM1617) includes a chromosomal duplication of 14 genes centered at position 1192998 in a region predicted to be involved in carbohydrate metabolism (8) . Upon closer examination, it was apparent that the duplicated region in strain P2 (DSM1617) was comprised of 20 genes spanning ORFs Sso1318 through Sso1361 and again between Sso1933 and Sso1958, with several intervening transposons ( Fig. 1A and Table 2 ). PCR amplification of endoglucanase Sso1354 using strain 98/2 (PBL2000) genomic DNA was not successful, suggesting the gene was absent (Fig. 1B) . PCR using primer pairs for genes Sso1305 through Sso1385, which are present in strain P2 (DSM1617), was also not successful in amplifying cognate sequences from strain 98/2 (PBL2000). Ultimately, the boundaries of a larger region that was absent from the strain 98/2 (PBL2000) genome were determined by PCR using a forward primer for Sso1303 and a reverse primer for Sso1388, resulting in a 6.875-kb amplicon (Fig. 1C ) rather than the nearly 90-kb region present in strain P2 (DSM1617). In strain P2 (DSM1617), this region closely resembles one that is present between Sso1933 and Sso1958 and presumably arose by duplication of one of the two segments. In strain 98/2 (PBL2000), two genes, Sso_2261 and Ssol_2262, were flanked by transposons ISC1229, ISC1173, and ISC1217. Ssol_2258 is a partial gene present in strain 98/2 (PBL2000) and shares 79% identity with Sso1305. A schematic contrasting these regions within their respective genomes is shown in Fig. 1D . The identities of the genes in the duplicated region range from 75 to 90% (Table 2 ). Though strain 98/2 lacked Sso1354, it contained both Sso1949 and Sso2534. The percent amino acid sequence identity between Sso1949 and Sso1354 (from DSM1617) is 83%, and only 27% between Sso1949 and Sso2534. The identity between Sso1949 and Sso2534 orthologs in the two strains was 100%. Based on this information and the lack of BLAST hits using GHF 5, 6, 7, 8, 9, 10, 12, 18, 19, 26, 44, 45, 48 , 51, 61, 74, and 124 domains as queries, strain P2 (DSM1617) has three endoglucanases while strain 98/2 (PBL2000) has only two.
In vivo function of Sso1354 endoglucanase. To determine the in vivo role of endoglucanase Sso1354, residual soluble cellodextrins present after repeated passage of strains 98/2 (PBL2000) and P2 (DSM1617) in a spent defined medium containing soluble cellodextrins as the sole carbon and energy source were analyzed by TLC ( Fig. 2A) . Strain DSM1617 exhibited preferential depletion of longer polymers relative to strain PBL2000 ( Fig. 2A, lanes 2 and  3) . There was a significant difference in the consumption of higher oligosaccharides, especially after the second and third passages of spent media. To clarify the specific identity of the cellodextrin consumption pattern, an LC method was developed that could fractionate these polymers through G10 (DP10; cellodecaose) based on the use of two Phenomenex RSO columns in tandem. In addition, since one of the differences in the endoglucanase contents of these strains was the unique presence of Sso1354 in strain P2, a derivative of strain 98/2, called PBL2099, having a plasmidborne copy of Sso1354 expressed via its native promoter was constructed (Fig. 2B) . Analysis of residual cellodextrins remaining in spent medium after one cycle of growth produced a pattern on TLC that resembled that of strain DSM1617 rather than the strain 98/2 derivative (Fig. 2A, lane 4) . LC analysis of the passaged medium after each of three successive cycles of growth of the three strains (Fig. 2C) indicated the strain 98/2 derivative (30) preferentially depleted the medium of shorter cellodextrins, primarily from G2 through G5, particularly after one and two cycles of growth. There was also a decrease in the amount of the longer cellodextrins up to G8 after the third cycle of growth. In contrast, strain DSM1617 and the strain 98/2 derivative having Sso1354 (PBL2099) exhibited increased consumption of longer cellodextrins, including G4 through G8, particularly after the second and third cycles of growth. Unlike the unmodified wild-type strain 98/2 (PBL2000), strains P2 and PBL2099 also exhibited larger amounts of residual G2 and G3. In all cases, glucose was not present in the spent culture supernatants, indicating rapid and or preferential consumption. The effect of prolonged exposure of added cellodextrins to dilute acid at the cultivation temperature of 80°C in the absence of cells was also examined. No change was observed in the relative distribution of cellodextrins after the three cycles of 
Characterization of endoglucanases.
To better understand the roles of the other two endogenous endoglucanases (Sso1949 and Sso2534) present in both strains 98/2 (PBL2000) and P2 (DSM1617), a derivative of 98/2 lacking them was constructed and evaluated. Strain PBL2092 carried a pyrEF disruption of Sso2534 and a lacS disruption of Sso1949. This strain was passaged repeatedly in the cellodextrin medium, and the residual contents of the spent medium were examined by LC (Fig. 3A) . Since this strain lacks detectable endoglucanases, it was likely that cellodextrin consumption during passage arose through the combined action of a cellodextrin transporter(s) and the cytoplasmic enzyme LacS, a beta-glycosidase (29) . LacS has been shown previously to hydrolyze G5 in vitro (28) . To test the importance of LacS for utilization of cellodextrins, growth of the lacS mutant PBL2025 was tested, and no growth was observed. This verified a role for LacS in cellodextrin consumption and implied the existence of a cellodextrin transporter. Since the residual cellodextrin content resulting from passage of strain PBL2092 resulted in an enrichment of longer cellodextrins, this medium was used to test the specific in vivo roles of Sso1354, Sso1949, and Sso2534. Strain 98/2 (PBL2000) and mutant derivatives lacking Sso1354 (PBL2099) or Sso1949 (PBL2074) were grown in the spent medium produced by strain PBL2092. Strain PBL2099 grew better than either of the other two strains (Fig. 3B) . LC analysis of the spent medium of each of the strains showed specific depletion of G9 (cellononaose) of about 30% relative to the starting amount (Fig. 3C ). This demonstrates that Sso1354 has activity toward longer cellodextrins in vivo, whereas the other two endoglucanases do not show any significant role in hydrolysis of longer cellodextrins, while their actions toward shorter cellodextrins may be obscured due to the actions of other proteins (see below). Characterization and overlap of cellodextrin transporters. Since LacS was shown to be required for cellodextrin consumption in the absence of endoglucanases, a cellodextrin transporter must exist to enable substrate uptake. The occurrence of a cellodextrin transporter was implied by the phenotype of strain PBL2028, a spontaneous strain 98/2 derivative with a large chromosomal deletion that was unable to grow on soluble cellodextrins (Fig. 4A) . PBL2028 arose from a screen for lacS mutants (18) . PCR analysis of the mutation mapped the deletion endpoints to Sso3050 and immediately adjacent to a putative ABC transporter ( Fig. 4B and C) . In addition, PBL2028 encoded an IS element (IS1) inserted within Sso3053 at nucleotide 723. As Sso3053 exhibited homology to an oligosaccharide transporter (TM1223) from Thermotoga maritima, it was possible this mutation was responsible for the inability of strain PBL2028 to utilize cellodextrins as a sole carbon and energy source. To test this possibility, a strain 98/2 derivative (PBL2105) was constructed lacking Sso3053 and its flanking putative ABC transporter components (Fig. 4D , E, and F). Strain PBL2105 grew normally in complex medium (Fig. 5A) ; however, the strain grew poorly using maltose or glucose as the carbon source (Fig. 5B and C) . As prior studies have suggested that glucose is transported via a glucose binding facilitator (Sso2847) (1), a strain was constructed lacking Sso2847 and its flanking ABC transporter components and then tested for growth using glucose as the carbon source. This strain grew normally relative to the wild-type strain 98/2 (PBL2000), indicating Sso2847 was not required for glucose uptake (Fig. 5F, G, and H) .
The importance of Sso3053 was evaluated by complementation using strain PBL2028, which carried an IS element insertion in the gene (Fig. 4C) . PCR analysis confirmed the presence of Sso3051 and Sso3054 in PBL2028. The remaining components of the transporter cluster are Sso3055 (ATP binding), Sso3058 (permease), and Sso3059 (permease). Strain PBL2028 was transformed with either pKlacS (encoding Sso3053 under the control of its endogenous promoter) or pBN1239, and the transformed cells were tested for the ability to grow using lactose as the carbon source. Only PBL2028 transformed with pBN1239 (strain PBL2113) gained the ability to grow using lactose. While growth using glucose was fully restored, PBL2113 regained only partial ability to use maltose ( Fig. 5B and C) . The effect of Sso3053 manipulation on consumption of cellodextrins was then evaluated (Fig. 4A) . Strain PBL2028 lacking both lacS and Sso3053 exhibited slight growth on the soluble cellodextrin mixture due to the presence of residual glucose, while it showed normal growth in complex medium (Fig. 5E) . Similar results were obtained with the strain with Sso3053 deleted despite the presence of lacS (Fig. 5A) . In contrast, complementation of Sso3053 restored the ability to use cellodextrins (Fig. 4A) . The HPLC analysis of cellodextrins in spent media of the strains showed the gain of ability to consume the cellodextrin in PBL2113 (Fig. 5E ). Taken together, these data indicate there are two overlapping systems for the catabolism of cellodextrins in S. solfataricus, and a model describing these systems is presented (Fig. 6 ). Membrane-targeted endoglucanases hydrolyze polymers prior to import, and a cellodextrin transporter translocates oligomers into the cytoplasm for subsequent hydrolysis by LacS, a beta-glycosidase. The combined activities of these systems ensure rapid and efficient consumption of cellodextrins.
DISCUSSION
This study shows the occurrence of two overlapping systems for cellodextrin consumption in S. solfataricus. One system is comprised of multiple extracytoplasmic endoglucanases, and the other system includes a broad-substrate ABC transporter combined with an intracellular beta-glycosidase (LacS). While three types of endoglucanases have been described (9, 19, 23, 27) , this study shows that S. solfataricus strains vary in their contents of these enzymes and that they confer on the host organism different abilities to utilize cellodextrins. The locations of these endoglucanases is also not yet clear. While they appear to be membrane targeted, there have been reports that at least one is fully secreted (23) while the other two could remain membrane associated. Action toward soluble cellodextrins would arise after such substrates penetrate the S layer through its pores.
In vivo analysis demonstrated that strain 98/2 (PBL2000) had a reduced ability to hydrolyze and consume oligosaccharides ranging from G6 to G9 relative to strain P2 (DSM1617). Though strain 98/2 encodes two of the three endoglucanases present in strain P2, the specific addition of Sso1354 to strain 98/2 improved its ability to catabolize longer cellodextrins, G6 through G8, and conferred the ability to catabolize G9. These data suggest Sso1354 specifically targets hydrolysis of longer oligosaccharides. In addition, if Sso1354 arose by gene duplication in strain P2, it may have been in response to the availability of long cellodextrins as carbon and energy sources.
Unexpectedly, analysis of the pattern of cellodextrin consumption by the strain 98/2 derivative lacking both endogenous endoglucanases Sso1949 and Sso2534 (PBL2092) showed there was continued consumption of cellodextrins through G8. This pattern of consumption depended on the presence of both LacS and the cellodextrin transporter component Sso3053. Prior reports are consistent with the role of LacS in this process because of its reported in vitro hydrolytic activity toward cellodextrins up to G5 (cellopentaose) (28) . The ability of transporter Sso3053 to translocate cellodextrins from G2 through G8, as well as maltose and to a limited extent glucose, reveals a novel broad substrate preference ranging from monosaccharides to polysaccharides and from alpha-linked to beta-linked sugars. Together, LacS and the Sso3053 ABC transporter comprise a system for cellodextrin consumption that is independent of any of the endogenous endoglucanases. As strains P2 (DSM1617) and 98/2 (PBL2000) originate from different continents (30, 40) , the presence of both systems for cellodextrin consumption indicates these systems provided distinct evolutionary benefits that led to their maintenance in separate lineages.
Deletion of the Sso3053 transporter system in strain PBL2028 compromised glucose catabolism. This defect was overcome by Sso3053 complementation. However, the reduced growth rate of the complemented strain indicated maltose catabolism was only partially restored. This may be a result of the absence of a different gene cluster missing in strain PBL2028 encoded by Sso3043 to Sso3048. The specific role of these genes in the transport of oligosaccharides remains to be determined. Since the Sso3053 disruption (in strain PBL2028) reduced the growth rate in a glucose minimal medium and this defect was restored by complementation, it is reasonable to conclude that Sso3053 is at least partially responsible for the uptake of glucose. Strain PBL2028 was able to grow normally in complex medium. Interestingly, inactivation of a previously described glucose transporter system involving Sso2847 (1) had no effect on the rate of growth using glucose. These results could be reconciled by proposing that the two transporters operate at different glucose concentrations or that there exist additional transport systems for glucose in strain 98/2 relative to strain P2. Combining mutations in both transport systems in a single cell line could provide insight into their relative contributions to the uptake of glucose.
